Results: Six distinct branching patterns were observed. The majority (82.9%) of middle cerebral arteries studied conformed to the typical bifurcating vessel commonly referred to in the literature. However, the
F ocal models of cerebral ischemia in the rat have been used since 1975 when Robinson et al1l2 occluded the middle cerebral artery (MCA) to measure subsequent effects on catecholamine levels and behavior. Since then, numerous models incorporating occlusion of the MCA at one or more points along its length have emerged in an attempt to produce a more reproducible lesion that would be amenable to pharmacologic intervention. [3] [4] [5] [6] [7] [8] [9] [10] [11] Occlusion of the MCA proximal to the olfactory tract and the origin of the lateral lenticulostriate arteries3 and occlusion of the MCA at or just distal to the point where the MCA traverses the rhinal fissure7 are essential components of probably the two most commonly reported techniques for inducing focal cerebral ischemia in the rat.
Yet, apart from a small number of limited studies,12-14 little, if any, reference is made to the potential for error in calculating infarct size as a consequence of variation in the branching patterns of the MCA. Furthermore, because the cortical branches originating from the MCA distal to the olfactory tract tend to be variable and, generally speaking, no major cortical branches arise between its origin at the circle of Willis and the point at
Materials and Methods
As part of ongoing studies, 263 adult male SpragueDawley rats (Charles River, 300 to 400 g) were maintained on a 12-hour light/dark cycle and allowed access to food and water ad libitum both before and after all procedures. Rats were anesthetized with 60 mg* kg-l sodium pentabarbitone (RMB Animal Health Ltd, Sagatal) injected intraperitoneally, with topical application of lidocaine analgesic (Xylocaine, Astra Pharmaceuticals Ltd) as required.
Focal cerebral ischemia was induced as follows. Both left and right common carotid arteries were exposed and a ligature loosely placed around each to enable occlusion at a later stage. Tracheostomy was performed in nonrecovery animals only; in all other instances the animals were allowed to breath spontaneously. In all cases, a transtemporal approach was adopted to occlude the right MCA. The temporalis muscle was divided midway between the right orbit and external auditory canal, avoiding transection of the facial nerve. The junction of the squamosal bone with the frontal bone and zygomatic arch was exposed under the operating stereomicroscope (x6.5 to 40 magnification), and, using a saline-cooled dental drill, a section of the frontal bone approximately 1 to 3 mm rostral and 1 to 3 mm dorsal to In acute studies, rats were not allowed to recover from anesthesia and were killed 2 to 6 hours after right MCA occlusion. In studies in which rats were allowed to recover for more than 24 hours, food, water, and body weight were continuously monitored, and the rats were killed within 7 days. At the end of each study, the brain was rapidly removed from the cranium and the MCA anatomy observed under x40 magnification and reevaluated by comparison with initial drawings and/or photographs. Further drawings and/or photographs were taken as required. Although some constriction of the artery is evident after death, the branching pattern is easily discernible under the microscope, even in cases where only small amounts of blood remain in the artery.
To further visualize the cerebrovascular anatomy of the rat, six animals were studied after injection of a blue epoxy resin (Alec Tirinti Ltd, UK). Immediately after death, the cerebral circulation was perfused with 0.5 mL of resin for 5 minutes via both common carotid arteries.
Results
The main trunk of the MCA in the rat originates in the circle of Willis and proceeds at an angle anteriorly to the point where it traverses the olfactory tract. Lateral and medial lenticulostriate (end arteries) branches originate proximal to the olfactory tract. It is in this region that the MCA is most commonly occluded in "proximal" MCA occlusion models of focal cerebral ischemia.3 Few major branches supplying the frontal or parietal cortex from the MCA trunk in this region were observed in any of our studies.
As the MCA trunk proceeds dorsally, it reaches a point where it traverses the inferior cerebral vein (ICV), which runs in the rhinal fissure. It is at or just distal to this point that the MCA is most commonly occluded in distal MCA occlusion models of focal cerebral ischemia. This type of occlusion offers some advantages over the proximal occlusion models in that the surgery required is less involved and recovery experiments can be performed with less discomfort to the animals. However, it is in this region that we experienced the greatest variability in MCA branching, and six distinct patterns are subsequently described (Table) .
No discrepancies were found between premortem and postmortem observations of all MCA patterns analyzed at the craniectomy site. It was found that the MCA usually bifurcated 1 to 5 mm above the ICV, forming two major branches, one each supplying the frontal and parietal cortex. These were observed to further subdivide into smaller branches, which were more variable and not recorded in our study.
In the majority of animals observed (82.9%), the MCA exhibited a standard Y (bifurcation) configuration as described above (Fig 2) . Vessels included in this group also contained at least one (but not more than three) branches supplying the frontoinsular and/or temporal cortex just proximal to the bifurcation. We termed this collection of MCA patterns Class I.
A second group of MCA branching patterns emerged that was essentially the same as Class I with the exception of the presence of a major branch, usually originating from between the olfactory tract and the ICV. This was observed supplying cortical regions above the rhinal fissure in six animals. This major branch often remained undetected during the surgical procedure because it was below the level and to one side of the cranial window. It was recorded at the time of death.
A third type, Class III, resembled neither Class I nor Class II. MCAs included in this group had a typically "sparse" branching pattern (visible through the cranial window) that was characterized either by the presence of the standard bifurcation but with no visible branches supplying the insular and temporal cortex or by one branch only supplying either of these cortical areas but with no obvious bifurcation present. Again, a small subgroup of animals (seven in total) were (Fig 3, top panel) , observed on 10 occasions, was characterized by the anastomosing of particular branches of the standard Class I configuration, eg, anastomoses of temporal with parietal branches. The size of the circuit created by such anastomoses varied, in some cases being relatively large (Fig 3, top panel) For example, the possibility exists that in a particular experiment an MCA branching pattern consistent with Class V criteria (Fig 2 and Fig 3, bottom panel) may present itself in a drug-treated animal. Because the importance of distal MCA anatomy may be reduced where the MCA is occluded proximally (the resulting cerebral damage does not depend on occluding branches from a region of the blood vessel with a high degree of variation in its branching), the resulting infarct may not be dramatically different from other treated animals with Class I MCA anatomies. This may partly explain the lack of description of the MCA anatomy by groups working with proximal techniques of MCA occlusion. However, if the focal model selected necessitates a more distal occlusion, ie, distal to the olfactory tract, then the situation becomes more complex.
First, the surgeon may notice the abnormal anatomy either through the cranial window (if visible) or at the end of the experiment, at which point he may choose to exclude data from this animal from the study.
Alternatively, the surgeon may only see one of the two branches through the window and mistake it for the main MCA trunk, which is then occluded in the mistaken belief that the blood supply to the cortical region of interest has been successfully limited. Only one of the main frontal or parietal branches was occluded in four of the nine rats observed to have this MCA pattern in our study. Indeed, in the example shown in Fig 3, bottom panel, the full anatomy only became apparent at the time of death. Thus, on analysis, unless the aberrant anatomy is recorded, the result from this animal is clearly compromised because either the frontal or parietal cortex is still receiving blood via the MCA.
Similar situations could arise in cases of animals with Class II or Class VI MCA anatomies, depending on the location and extent of the branch(es) or the site and degree of anastomosing, respectively. It is entirely conceivable that the point at which the frontal/frontoinsular branches anastomose with the main MCA trunk in the example of Class VI given in Fig 2 may be below the level of the cranial window and that anastomoses between these branches themselves may be to one side of the window. This would result in a somewhat distorted view of the MCA, with the surgeon not realizing that the frontal cortex is still receiving blood from the MCA.
Because of the retrospective nature of this analysis, animals with the same MCA classification have inevitably received differing treatments or were part of separate studies and so cannot be reliably compared for lesion size. However, it is not too difficult to imagine the contribution different anatomies may make to variability in the size of the lesion produced. For example, animals with an MCA branching pattern from Class IV (with all branches occluded) may produce larger areas of cerebral damage than those with the standard (Class I) MCA configuration. This would compare with MCA anatomies falling into Class III, which may result in smaller areas of damage. Similarly, animals having MCA patterns best described by Class V criteria, in which only one of the main branches has been occluded, may produce a lesion that covers a smaller area than would have been expected for that animal if it had been a control with Class I MCA anatomy in the same study.
Reasons for Class III MCA occlusions possibly resulting in less damage in distal models are speculative. It is possible that the MCA in such cases is supplying a smaller area of cortical tissue than average and that the anterior and posterior cerebral arteries are supplying a greater area than normal. The opposite may be true for Class IV. We anticipate that corrosion casting studies of such examples of MCA anatomy may provide some answers in the near future (eg, Class VI, Fig 3, to cause an increase in retrograde blood flow through anastomosing branches into the region of the occluded artery. Such anastomoses may enlarge with time after MCA occlusion, thus increasing blood flow to the potentially ischemic regions supplied by the branches of the MCA. Variability in the number and type of cortical branches originating from the main trunk of the MCA may therefore have an effect on the frequency and size of anastomosing with the other main arteries supplying the cortex, which may in turn influence the size of the lesion after MCA occlusion.
Recently, we have begun to divert animals (approximately one in six) that fail to conform to the standard MCA configuration from ongoing studies into anatomic studies, which allows us to compare the influence of the different patterns on infarct quantization. However, this is a longer-term study in that because of the relative infrequency of individual classes, it may be some time before we can divert enough animals from each class to show any degree of significance between them. Meanwhile, until this issue has been satisfactorily resolved, it would seem wise to observe MCA anatomy more closely, especially in rat focal models involving distal occlusion. Individual categories may account for less than 3% of the total, but when taken together approximately 17% of all MCA patterns analyzed may produce predictably larger or smaller areas of cerebral damage, thus possibly producing false positives (or negatives) in drug trials.
Editorial Comment
The main point of the accompanying article is that variability in middle cerebral artery (MCA) branch patterns may contribute to variability of infarct size after MCA occlusion. I will comment on issues related to branch pattern recognition at occlusion time, the length of MCA occluded, and the area at risk for infarction.
First, another feature can aid recognition of pattern variability in vivo. MCA luminal width(s) and branch locations provide information about some patterns identified in this article. For example, Classes V and VI consist of two major MCA branches, each usually smaller (see Fig  3 in the article by Fox et al) in luminal width than the typical MCA, and one branch is located rostral to and the other caudal to the position normally occupied by the Class I MCA. Within a small craniectomy having a standard size and location the MCA of Class I is observed, but because branches in Classes V and VI are displaced, neither branch may be viewed (unless the craniectomy is made larger, often much larger) and both branches are narrower than normal. Thus, MCA luminal width and location relative to a standard craniectomy are useful for differentiating some patterns, rat elimination, or an appropriate occlusion strategy.
Second, an important issue is whether MCA occlusion is done only between adjacent side branches (point occlusion) or over a segment (segmental occlusion) having several attached branches. Since the segmental
